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Abstract. A major part of the plasma in the Earth’s magne-
totail is populated through transport of plasma from the solar
wind via the magnetotail lobes. In this paper, we present
a statistical study of plasma convection in the lobes for dif-
ferent directions of the interplanetary magnetic ﬁeld and for
different geomagnetic disturbance levels. The data set used
in this study consists of roughly 340000 one-minute vec-
tor measurements of the plasma convection from the Cluster
Electron Drift Instrument (EDI) obtained during the period
February 2001 to June 2007. The results show that both con-
vection magnitude and direction are largely controlled by the
interplanetary magnetic ﬁeld (IMF). For a southward IMF,
there is a strong convection towards the central plasma sheet
with convection velocities around 10kms−1. During periods
of northward IMF, the lobe convection is almost stagnant.
A By dominated IMF causes a rotation of the convection
patterns in the tail with an oppositely directed dawn-dusk
component of the convection for the northern and southern
lobe. Our results also show that there is an overall persis-
tent duskward component, which is most likely a result of
conductivity gradients in the footpoints of the magnetic ﬁeld
lines in the ionosphere.
Keywords. Magnetospheric physics (Magnetospheric con-
ﬁguration and dynamics; Plasma convection; Solar wind-
magnetosphere interactions)
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1 Introduction
The Earth’s magnetosphere is a dynamical system primar-
ily controlled by the solar wind and the interplanetary mag-
netic ﬁeld (IMF). When the IMF has a southward compo-
nent, it can reconnect with the Earth’s geomagnetic ﬁeld on
the dayside magnetopause. The recently opened magnetic
ﬁeld lines are dragged by the solar wind across the polar caps
intothemagnetotaillobesandtheneventuallyintothecentral
plasma sheet of the magnetotail where the ﬁeld lines eventu-
ally reconnect and return towards the Earth (Dungey, 1961).
The convection of plasma through the magnetotail lobes can
therefore be used as a proxy for the energy transfer from the
solar wind into the magnetosphere.
The location of the dayside reconnection line and the re-
gion of plasma entry into the magnetotail are also modulated
by the IMF By component. In the Northern Hemisphere a
positive (negative)By will cause a displacement of the recon-
nection region so that the newly opened ﬂux tubes are trans-
ported towards dawn (dusk), and oppositely for the Southern
Hemisphere (e.g. Cowley et al., 1991). This By inﬂuence is
also reﬂected in the convection in the lobes (Gosling et al.,
1984, 1985; Noda et al., 2003), the ecliptic plane (Baumjo-
hann and Haerendel, 1985; Baumjohann et al., 1985, 1986;
Maynard et al., 1990; Matsui et al., 2005), and in the po-
lar cap ionosphere (Ruohoniemi and Baker, 1998; Haaland
et al., 2007). In the case of northward IMF, reconnection
can take place between the IMF and already open polar cap
ﬁeld lines at high latitudes. In such cases, the polarity of the
IMF Bx component also plays a role. Positive (negative) Bx
favors lobe reconnection in the Southern (Northern) Hemi-
sphere (Crooker, 1986).
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The magnetotail lobes are bounded by the central plasma
sheet and its boundary layer on one side, and the magne-
topause with its adjacent boundary layer, often referred to
as the plasma mantle (Rosenbauer et al., 1975), on the other
side. The plasma mantle covers much of the high-latitude
magnetosphere, extending poleward of the cusp region and
is primarily populated with cold ('100eV), de-energized
magnetosheath plasma with densities from 0.01–1cm−3, and
tailward ﬂow velocities in the range 100–200kms−1. Sim-
ilarly, the plasma sheet boundary layer (PSBL), consists of
hot plasma and has a density around 0.1–2cm−3. The lobes
are characterized by a very low particle density, typically
0.01 particles per cm−3 (e.g. Gosling et al., 1985), and a
strong and steady magnetic ﬁeld. Typical B-ﬁeld values
rangefromapproximately30–50nT,somewhatdependenton
geomagnetic activity (e.g. Caan et al., 1975). Tailward of ap-
proximately 10RE, the magnetic ﬁeld lines in the northern
(southern) central lobe are almost parallel (anti parallel) to
the XGSE direction. The plasma transport is slow and steady
towards the central plasma sheet.
The low particle density of the magnetotail lobes makes
direct measurements with plasma instruments difﬁcult. Most
of the in-situ information from this region are therefore
based on magnetic ﬁeld instruments and E-ﬁeld measure-
ments from double probe instruments (see e.g. Svenes et al.,
2008, and references therein)
In this paper we present a comprehensive survey of lobe
convection as a function of IMF direction and magnitude as
well as secondary effects reﬂected by various geomagnetic
disturbance indicators. The survey is based on more than
340000 one-minute averages of the convection velocity ob-
tained by the Cluster EDI instrument.
The paper is organized as follows: in Sect. 2, we present
the EDI data set and auxillary data used for mapping and cor-
relation studies. In Sect. 3 we describe the methods used to
establish the concurrent solar wind condition and the proce-
dureusedformappingoftheEDIdata. Section4presentsthe
results, including correlations with the solar wind and distur-
bance indices and discusses possible physical implications.
Section 5 gives an overall summary of the paper.
2 Data
The data set used in this study is similar to the data set used
to study polar cap convection in Haaland et al. (2007) and
F¨ orster et al. (2007a), but covers a longer time interval, and
is processed slightly differently. For convenience, we here
brieﬂy describe the data set.
2.1 Cluster EDI data
The European Space Agency (ESA) Cluster mission consists
of four identical spacecraft ﬂying in a tetrahedron-like for-
mation. Cluster has a nearly 90◦ inclination elliptical orbit
with perigee around 4RE and apogee around 19RE, and an
orbital period of about 57h. Depending on season, Cluster
traverses the magnetotail lobes, or ﬁeld lines threading lobes
during a substantial part of its orbit.
In this study, measurements of the plasma convection ve-
locityareobtainedfromtheClusterElectronDriftInstrument
(EDI). The basis of the electron-drift technique is the injec-
tion of two weak electron beams and their detection after one
or more gyrations in the ambient magnetic ﬁeld. Due to their
cycloidal motion, the emitted electron beams return to the as-
sociated detectors only when ﬁred in directions uniquely de-
termined by the magnitude and direction of the plasma drift
velocity. The drift velocity is computed either from the direc-
tion of the beams (via triangulation) or from the difference in
their times-of-ﬂight. More details about EDI can be found in
Paschmann et al. (1997, 2001) and Quinn et al. (2001).
EDI measures the entire vector drift velocity, which, for
a given magnetic ﬁeld, is equivalent to the transverse elec-
tric ﬁeld when the drift due to B-ﬁeld gradients is negligi-
ble. The E-ﬁeld, which is given by −V×B, thus includes
any component along the spacecraft spin axis, whereas the
double probe Electric Field and Wave Experiment (EFW) on
board Cluster measures the electric ﬁeld only in the space-
craft spin-plane. Another important advantage of EDI is its
immunity to wake effects that can interfere with the double-
probe measurements in regions of low plasma density (Eriks-
son et al., 2006). Also, EDI measurements are not affected
by the low particle densities which limit the accuracy of the
velocity moments derived from the CIS and PEACE plasma
instruments.
The suitability of EDI for measurements in the polar cap
region and the magnetotail lobes has been demonstrated in
publicationsbye.g.Nodaetal.(2003), Erikssonetal.(2006),
Haaland et al. (2007) and F¨ orster et al. (2007a). The large,
relatively stable magnetic ﬁelds typically encountered by
Cluster over the polar caps and in the lobes are a regime
in which the EDI technique provides high accuracy with its
gemoetric measurement technique.
EDI measurements are available for Cluster spacecraft 1
and 3 throughout the period February 2001 to June 2007, and
until April 2004 for spacecraft 2. No EDI measurements are
available from spacecraft 4. Some operational constraints
limit the availability of EDI data; EDI is an active exper-
iment, and the emitted electron beam can under some cir-
cumstances modify the local plasma surroundings, and inter-
fere with the wave measurements on Cluster. EDI is there-
fore operated with a duty-cycle that has been negotiated with
the other experiments on Cluster. However, these restrictions
primarily affect regions of low magnetic ﬁelds.
Since magnetic ﬁeld lines above ionospheric heights can
be considered as equipotential, we can utilize all EDI mea-
surements along ﬁeld lines threading the lobes, including
measurements from sunward of the terminator. Figure 1
shows the distribution of the measurements as function of
radial distance. The majority of measurements from the
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Fig. 1. Distribution of the EDI measurements versus geocentric radial distance. Black colors indicate northern
hemisphere, red colors southern hemisphere. The majority of the EDI measurements in the northern hemi-
sphere are taken at radial distances below 10 RE, whereas the southern hemisphere data set contains more
measurements from distances beyond 10 RE.
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Fig. 1. Distribution of the EDI measurements versus geocentric ra-
dial distance. Black colors indicate Northern Hemisphere, red col-
ors Southern Hemisphere. The majority of the EDI measurements
in the Northern Hemisphere are taken at radial distances below
10RE, whereas the Southern Hemisphere data set contains more
measurements from distances beyond 10RE.
northern lobe are taken from positions inside 10RE, whereas
the Southern Hemisphere data set contains relatively more
measurements from distances beyond 10RE. The reasons
for this asymmetry is the Cluster orbit; the line of apsides of
the orbit was initially equatorial, but is tilting more and more
southward with time.
2.2 Solar wind data and auxiliary data
Measurements of the interplanetary magnetic ﬁeld (IMF)
and solar wind plasma data are obtained from the Advanced
Composition Explorer (ACE) spacecraft. We have used
data from the magnetic ﬁeld instrument (MAG – see Smith
et al., 1998) at 16-s resolution and the solar wind instrument
(SWEPAM – see McComas et al., 1998) at 64-s resolution.
MAG and SWEPAM data are resampled to one minute time
resolution, thereafter time shifted to represent the IMF con-
ditions at the frontside magnetopause.
The Dst index is used to study the correlation between
convection and geomagnetic disturbance. The Dst index
is a measure of the horizontal magnetic deﬂection on the
Earth at equatorial latitudes. Negative deﬂections in Dst
are mainly controlled by the Earth’s ring current, though
the solar wind pressure also contributes (e.g. Burton et al.,
1975; O’Brien and McPherron, 2000). Positive deﬂections
are usually caused by pressure enhancements in the solar
wind which cause a displacement of magnetopause. The Dst
index was provided in digital form by the World Data Center
A, Kyoto.
The Auroral electrojet (AE) index, which reﬂects auroral
geomagnetic activity, primarily associated with tail magnetic
activity, was not continuously available for the entire period
discussed here. We are therefore not able to discuss correla-
tions with auroral activity or magnetospheric substorms.
2.3 Data coverage
Our dataset contains observations collected over a period of
more than 6 years. During this time span, there were shorter
Table 1. Data coverage in hours of ACE and Cluster measurements
used in the present study.
Year Hours Valid Stable Mapped EDI vectors
ACE IMF SC1 SC21 SC3
20012 8019 6845 4613 427 408 348
2002 8760 7446 4632 593 409 681
2003 8760 8294 3268 667 405 395
2004 8784 7143 4181 626 60 524
2005 8760 6450 4341 541 – 509
2006 8760 6114 4252 379 – 411
20073 4343 2785 2123 83 – 84
Total 56186 45077 27410 3319 1284 2955
1 Data from SC2 only until early April 2004.
2 Data for 2001 start in February.
3 Data only until 1 July 2007.
and longer periods where one or more of the data sources
suffered from data gaps. Due to the Cluster high inclination
orbit, EDI lobe data is only available during parts of the or-
bit. Also, in the early phase of the Cluster mission, there
were telemetry constraints which prevented full data cover-
age. EDI is also subject to operational constraints to avoid
interference with the wave and particle instruments onboard
Cluster. There are also data gaps in the MAG and SWEPAM
data from the ACE spacecraft, whereas the Dst and ASYM-
H indices are continuously available for the full period.
The treatment of data gaps is similar to those described
in Haaland et al. (2007) and later also used by F¨ orster et al.
(2007a). Gaps in the solar wind observations from ACE of
duration shorter than 10min are linearly interpolated. For
gaps longer than 10min, the solar wind conditions required
for mapping cannot be established with reasonable conﬁ-
dence, and no further processing of the EDI data is done.
However, the magnetic ﬁeld model used for mapping (Tsy-
ganenko, 2002a,b) requires solar wind history as an input pa-
rameter. The G1 and G2 factors of this model are based on
the preceding 1h history of the solar wind. If there is a gap
within this period, the G1 and G2 factors are simply based on
fewer samples. In the extreme case where the full preceding
hour of data is missing, the G1 and G2 factors are both set to
zero.
During the 77 months ('56000h) we have included in our
study, ACE plasma and magnetic ﬁeld data were available for
approximately 45000h. Of this subset, slightly more than
27000h satisfy our IMF stability criteria (see below). High-
quality EDI data from Cluster SC1, SC2 and SC3 which
could be mapped to the lobes were available for a total of
almost 7600h (453667 one-minute averages). Details of the
data coverage are given in Table 1.
Due to the Cluster orbit precession, the data coverage from
EDI is correlated with season. For Northern Hemisphere late
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Fig. 1. Distribution of the EDI measurements versus geocentric radial distance. Black colors indicate northern
hemisphere, red colors southern hemisphere. The majority of the EDI measurements in the northern hemi-
sphere are taken at radial distances below 10 RE, whereas the southern hemisphere data set contains more
measurements from distances beyond 10 RE.
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Fig. 2. Illustration of the mapping procedure. The vector d(m), is along the convection velocity measured by EDI, and per deﬁnition
perpendicular to the magnetic ﬁeld at x
(m)
0 . The vector d(m) is projected along the ﬁeld lines to the lobe at X=−10RE. The mapped vector
d(l) lies in the YZGSM plane. The convection velocity in the lobe at x
(l)
0 is then V (l)=V (m)×d(l)/d(m).
summer (August to October), when Cluster’s apogee is in the
tail, we have more than 2100h of data, whereas a little more
than half as much data were collected during the months
February to April. Due to the orientation of the Earth’s tilt
axis, the tail plasma sheet also has a similar seasonal de-
pendence; during Northern Hemisphere summer, the nomi-
nal position of the plasma sheet is above the XYGSM plane.
The dataset is therefore not suited for the study of seasonal
effects.
3 Method
3.1 Establishing the solar wind conditions
TheproceduretodeterminetheconcurrentIMForientationis
identical to the procedure described in Haaland et al. (2007)
and later used by F¨ orster et al. (2007a). Basically, it con-
sists of time shifting the measurements from the ACE space-
craft, orbiting the L1 libration point, to the upstream magne-
topause. For this purpose, we have applied the phase front
propagation technique described in Weimer et al. (2003), al-
though with a minor correction to the minimum variance cal-
culation as suggested by Haaland et al. (2006), and later im-
plemented in Weimer and King (2008). This technique takes
the position of the solar wind monitor as well as the orienta-
tion of the IMF into account when calculating the time shift.
For time intervals without any distinct IMF discontinuities,
this method is believed to give more precise time shifts than
simpler methods (Weimer and King, 2008, see also discus-
sion in Mailyan et al., 2008). The time shifted IMF informa-
tion is thereafter ﬁltered with a bias ﬁlter so that only mea-
surements which are stable within a 30min interval are used.
The interval is meant to take into account possible errors in
the time shift estimate as well as some time to set up the mag-
netospheric convection following IMF changes. Only EDI
data within these stable IMF periods are used hereafter.
3.2 Mapping the EDI data
Under steady state conditions and assuming equipotential
ﬁeld lines, the convection at one location in space can in the-
ory be mapped to any location along the ﬁeld lines (e.g. May-
nard et al., 1995; Hesse et al., 1997). Figure 2 illustrates the
procedure to map the EDI vectors from the Cluster location
to a YZGSM plane at X=−10RE. This procedure is also ba-
sically the same as used in Haaland et al. (2007) and F¨ orster
et al. (2007a), except that we map outward into the magneto-
tail lobes rather than into the polar cap ionosphere, and use a
larger data set.
The vector V (m) is the convection velocity measured by
EDI at Cluster, and V (l) is the corresponding convection ve-
locity in the lobe, i.e. our YZGSM plane at X=−10RE (we
hereafter use superscripts m to indicate the position of Clus-
ter and l to the indicate a the mapped position in the lobe).
The magnetic ﬁeld lines are assumed to be equipotential.
Using the Tsyganenko T2001 magnetic ﬁeld model (Tsy-
ganenko, 2002a,b) the Cluster position, x
(m)
0 , is mapped
along the ﬁeld line to the position x
(l)
0 in the lobe. In ad-
dition, the point x
(m)
1 , which is displaced a distance d(m)
along the measured convection velocity, V (m), is mapped
to the position x
(l)
1 , also at X=−10RE in the lobe. We
have chosen the scaling so that the corresponding distance
d(l)=x
(l)
1 −x
(l)
0 , is 1RE. Since the magnetic ﬁeld diverge or
converge (depending on whether we map from a high mag-
netic ﬁeld to a lower ﬁeld or vice versa), d(m) is then given
by d(m)=
p
B(l)/B(m)×1RE. The choice of 1RE distance
between mapped ﬁeld lines in the lobe was found to be a rea-
sonable compromise between uncertainties and distortion in
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Fig. 3. Spatial coverage. Approximately 340000 data points (corre-
sponding to more than 5700h of measurements) have been mapped
into 1×1RE bins at a plane 10RE downtail. The colors of the sym-
bols indicate the number of mapped EDI vectors in each bin. The
view is from the Earth, looking tailward.
the mapping. The convection velocity in the lobe at x
(l)
0 is
then V (l)=V (m)×d(l)/d(m).
Note that this mapping procedure projects the results into
the X=−10RE plane, and does not take any X-component
of the convection into account. However, since the mag-
netic ﬁeld in the central lobes is predominantly in the
±XGSE direction, the average Vx convection is negligible
at X=−10RE.
We also tested mapping to a plane at X=−15RE, and
also mapping using a Solar Magnetic (SM) coordinate sys-
tem, but the overall results were similar. One motivation for
using X=−10RE and a GSM coordinate system was to fa-
cilitate comparison with the results of Noda et al. (2003).
Also, although technically possible, an X=−15RE limit is
strictly beyond the validity region of the T2001 magnetic
ﬁeld model.
As shown in Fig. 1, most of the data are obtained from
geocentric distances around 4–8RE. The mapping distances
(i.e. the length along a ﬁeld line from the position of Cluster
to our plane at X=−10RE) are therefore typically around
2–6RE. Since Cluster also traverses the X=−10RE plane
during some orbits, and no mapping is required, parts of the
data can be regarded as direct, in-situ measurements.
4 Results
In the following, we will discuss a ﬁltered data set; Mapped
vectors with velocities of more than 50kms−1 have been ﬁl-
tered out, as theses can safely be regarded as outliers. Also,
Table 2. Summary of convection velocities, Vz, Vy, and the cross
tail potential, UCT for various IMF directions. The rightmost col-
umn shows the corresponding average of the full data set without
any IMF sorting.
Northern Bz+ By+ Bz− By− All
lobe
                   
Num records 13985 29832 18120 32249 94186
Vz [kms−1] −2.0 −7.2 −10.2 −7.3 −7.0
Vy [kms−1] 0.2 6.5 0.0 −7.7 −0.5
UCT [kV] 21.4 41.6 61.6 42.2 41.2
Southern Bz+ By+ Bz− By- All
lobe
                   
Num records 10710 30986 14776 25963 82435
Vz [kms−1] 2.9 8.7 12.8 7.0 8.1
Vy [kms−1] −0.3 −4.8 5.4 10.7 2.5
UCT [kV] 19.8 33.7 55.1 32.2 39.4
we focus our study to a circular area with a radius of 20RE
to avoid regions at or near the magnetopause. This ﬁltered
data set contains a total of 342544 records (approximately
5709h). Figure 3 shows the spatial coverage of our data set.
For the central lobes, where the magnetic ﬁeld is strong and
fairly stable, and the background electron density is low, EDI
operates nearly continuously, and the coverage is excellent.
4.1 Convection patterns in the lobes
Figure 4 shows the convection patterns for the four main di-
rections of the interplanetary magnetic ﬁeld. The colored
dots represent the center of each 1×1RE bin, and the lines
out from each dot show the average convection direction and
strength in that particular bin. Colors indicate the normalized
total variance (see Sect. 4.2 below). Only bins containing 2
or more measurements are shown. The blue rectangular ar-
eas in the northern and southern lobe are used to calculate the
characteristic averages listed in Table 2 (see also Sect. 4.3).
The upper panels of Fig. 4 show the convection pattern for
northward (left panel) and southward (right panel) interplan-
etary ﬁeld. For northward IMF, the convection is slow and
with an unsystematic pattern. Except for some bins close to
the magnetopause, most of the bins have convection veloci-
ties of maximum a few kms−1. This is expected, as there is
littleornoreconnectiononthedaysidemagnetopauseinsuch
cases. The small average Vz components seen in Table 2
nevertheless indicate a slow transport towards the plasma
sheet. This is most likely a ﬂywheel effect (see e.g. Rid-
ley et al., 2003, and references therein), i.e. the magneto-
spheric circulation does not react instantaneously on a north-
ward turning of the IMF. However, since our data set does not
consistofcontinoustimeseries, wearenotabletoinvestigate
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Fig. 4. Convection patterns in the lobe at X=-10 RE as function of the IMF direction. Sector symbols in the
lower left corner of each panel indicate the IMF clock angle sector, and the colors and color bar indicate the
normalized total variance for each bin. The view is from the Earth, looking tailward. Blue boxes in the northern
and southern lobe are two reference regions used for calculation of characteristic averages and correlations
between convection and various driver parameters. Average convection velocities, calculated cross-tail potential
drop and the number of records within these regions are given in Table 2.
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Fig. 4. Convection patterns in the lobe at X=−10RE as function of the IMF direction. Sector symbols in the lower left corner of each panel
indicate the IMF clock angle sector, and the colors and color bar indicate the normalized total variance for each bin. The view is from the
Earth, looking tailward. Blue boxes in the northern and southern lobe are two reference regions used for calculation of characteristic averages
and correlations between convection and various driver parameters. Average convection velocities, calculated cross-tail potential drop and
the number of records within these regions are given in Table 2.
any temporal effects of the convection patterns. Ionospheric
convection during northward IMF is discussed in more detail
in the a companion paper by F¨ orster et al. (2007b).
For southward IMF, there is a strong and more laminar
convection towards the central plasma sheet with convec-
tion velocities of more than 10kms−1. In our data set, the
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southern lobe values are slightly higher, but we do not know
if this is real, or an artifact of the unequal radial distribution
of the northern and southern measurements (see Fig. 1).
The lower panels of Fig. 4 shows the By dependence of the
convection. Due to the typical Parker spiral orientation of the
IMF,thecoverage issigniﬁcantlybetterhere. Theconvection
now has a signiﬁcant dawn-dusk component. For IMF By
positive (lower right panel), the convection is duskward in
the northern lobe, and dawnward in the southern lobe. The
opposite is the case for negative IMF By, but the results are
not mirror symmetric, and the convection variations seem to
be modulated on an overall persistent but weak duskward Vy
convection of a about 1kms−1. This asymmetry is discussed
further in the next section.
Except from the northward IMF case, the convection pat-
terns seem to form some large scale vortices. We believe that
these reﬂect the convection cells seen in the ionosphere (see
Fig. 7 in Haaland et al., 2007). This is an illustration that
magnetospheric convection is not simply the result of the so-
lar wind input or processes at the magnetospheric boundaries
or the magnetotail, but that it is also partly controlled by the
dragof theionosphere(e.g.Wolf,1970;CoronitiandKennel,
1973; Ridley et al., 2003).
To double check the results, we also tried to estimate
the cross tail potential drop, UCT. This is done by ﬁrst
calculating the convection electric ﬁeld in each bin (from
E=−V×B, where the B-ﬁeld is the ﬁeld given by the mag-
netic ﬁeld model for that location). Thereafter, we integrate
this electric ﬁeld across the tail along the ZGSM=±5RE lines
in the northern and southern lobe. The choice of 5RE was
done to avoid the central plasma sheet (including the sea-
sonal motion of the plasma sheet) where B-ﬁeld ﬂuctuations
and higher background plasma densities limit the EDI oper-
ation and the coverage is very poor.
In theory, the cross tail potential should be equal to the
cross-polar cap potential for equipotential magnetic ﬁeld
lines. The result, listed in Table 2 shows the expected depen-
dence of IMF direction, although with lower absolute val-
ues than the polar cap potentials obtained by e.g. Papitashvili
and Rich (2002); Weimer (2005), but comparable to the po-
lar cap potentials obtained by Ruohoniemi and Greenwald
(2005) and Haaland et al. (2007).
4.2 Convection variability
To assess the uncertainty of the results, we also calculate two
variances for each bin. The approach is similar to the proce-
dure used by F¨ orster et al. (2007a) with EDI data, and also
used by the Cluster magnetic ﬁeld experiment (FGM – see
Balogh et al., 2001) to quantify statistical errors of vector
quantities. The two variances are expressed as:
σ2
mag =
h|V|2i − h|V|i2
h|V|2i
(1)
σ2
total =
h|V|2i − |hVi|2
h|V|2i
(2)
where V=V (l) is the convection velocity vector in the lobe,
and h..i denotes an average over all vectors in that bin. Both
variances are normalized and take values between 0 and 1.
The ﬁrst quantity, σ2
mag, is the normalized variance of the
magnitude of the convection velocity, and describes the de-
viation of the convection magnitude from its average value.
More relevant four our study is the second variance, σ2
total,
which is the normalized variance of the total convection ve-
locity vector. This variance is indicated by colors in Fig. 4.
Zero total variance (blue color in Fig. 4) indicates steady
pointing vectors and thus a well deﬁned convection direction.
Correspondingly, values of σ2
total close to unity (red color) in-
dicate that the convection vectors in that bin are distributed
in all directions.
For northward IMF, σ2
total approaches unity in many bins,
whereas for southward and By dominated IMF directions
the σ2
total is in general much lower. In particular, there is
a well deﬁned convection direction in the Northern Hemi-
sphere dawn and Southern Hemisphere dusk region for pos-
itive IMF By and vice versa for negative IMF By. A similar
asymmetry in the ionospheric convection was also found by
F¨ orster et al. (2007a).
4.3 Correlations
To quantify the inﬂuence of the solar wind, IMF direction
and geomagnetic disturbances, we examine the average con-
vection within the above mentioned reference area in our
X=−10RE projection plane. A similar approach was used
by Noda et al. (2003), although they used a slightly different
area and had a much smaller data set available. They were
therefore not able to address the dependence of solar wind
and IMF condition in so much detail.
The reference areas selected are indicated by the blue rect-
angles in Fig. 4. We perform the calculation for northern
and southern lobe separately. The two regions extend from
YGSM=−8RE to +8RE and |ZGSM|=8 to 16RE, and contain
128 bins. The location and size was chosen so that it cov-
ers the central lobes, but avoids regions close to the central
plasma sheet and the magnetopause. During extreme geo-
magnetic conditions, the magnetopause may be compressed,
or the central plasma sheet may be displaced so that it is lo-
catedinsideourreferencearea. Thecontaminationfromsuch
events are minimal though, and we do not think such condi-
tions skew our results.
For each of the driver parameters: IMF direction, IMF
magnitude and solar wind dynamic pressure as well as the
Dst index, we calculate the average convection velocities
within the reference area for subsequent ranges of the driver
parameter. The binning of the driver parameters is a compro-
mise between adequate resolution and sufﬁcient data cover-
age. For most of the ranges, the averages are based on several
thousand records, and the statistical uncertainty is negligible.
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However, for extreme values of some of the driver param-
eters, the coverage (and thus the statistical conﬁdence) is
sometimes poor, and results from these ranges should thus
be considered with caution. When interpreting these results,
one should also have in mind that the driver parameters are
partly mutually correlated (see e.g. Table 1 of F¨ orster et al.,
2007a); for example, the effects reﬂected by the Dst index
ultimately driven by the solar wind.
The results are given in Fig. 5. The left panels show his-
tograms of the Z-component of the convection for different
ranges of the driver parameters. Vz is oppositely directed in
Northern and Southern Hemisphere. To be able to use the
same scale and thus facilitate easier comparison, we have in-
verted the Vz values for the Northern Hemisphere lobe. The
right panels of Fig. 5 show the corresponding Vy convec-
tions. Also shown here as lines is the data coverage. A 100%
coverage indicate that all of the 128 bins within our reference
area have measurements.
In the following, we discuss each correlation in some de-
tail.
4.3.1 IMF direction
The overall response to the IMF direction (here represented
by the solar wind clock angle) was already discussed in the
previous section (Fig. 4). To further quantify the effect of
the IMF direction, we use a similar approach as F¨ orster et al.
(2007a), and divide the IMF clock angle into 8 sectors, each
45 degrees wide. For each such sector, we then calculate the
average convection velocity within our reference area. The
results show a clear correlation; the convection is very low
during purely northward IMF, and maximizes for southward
IMF. Similarly, clock angles close to ±90◦ cause strong con-
vection in the dawn-dusk direction with opposite directions
in the northern and southern lobes.
ThisasymmetrycanbeunderstoodfromFig.6, whichpro-
vides a schematic illustration of dayside magnetopause re-
connection and the corresponding plasma entry into the tail
during a southward, but strongly By dominated IMF. For a
positive IMF By, the reconnected ﬁeld lines in the Northern
Hemisphere are dragged tailward on the dawnside, and the
plasma entry takes place along the dawn side of the magne-
topause (e.g. Gosling et al., 1984, 1985; Siscoe and Sanchez,
1987; Sibeck et al., 1999; Hasegawa et al., 2002a,b). By the
same token, the plasma entry in the Southern Hemisphere
will take place on the dusk ﬂank for this IMF conﬁguration.
Inside the magnetosphere, the asymmetric entry will cause a
duskward component of the convection in the northern lobe
and a dawnward convection in the southern lobe. For a neg-
ative IMF By component, this scenario is basically mirrored.
Observations also indicate that the whole plasma sheet even-
tually tilts as a result of the asymmetric plasma entry (Russell
and Brody, 1967; Sibeck et al., 1985; Hammond et al., 1994).
An interesting result, which was also noted by Noda et al.
(2003) is the apparent presence of a background duskward
convection, most prominent in the southern lobe, but also
apparent in the northern lobe. We believe that this persistent
Vy convection is the magnetospheric manifestation of the
day-night gradient in the ionospheric conductivity (Atkin-
son and Hutchison, 1978; Tanaka, 2001), and also pointed
out in the EDI dataset mapped to the ionosphere (Haaland
et al., 2007; F¨ orster et al., 2007a). This asymmetry causes a
rotation and break of IMF By symmetry in the ionospheric
convection. Since most of the lobe regions we are discussing
here are threaded by magnetic ﬁeld lines with footpoints in
the high latitude nightside ionosphere, this asymmetry is also
reﬂected in the lobes.
For each range of IMF direction, we also calculated the
cross tail potential using the method described above. The
calculated potentials are shown as solid lines in the upper left
panel of Fig. 5. As expected, the minimum potential can be
found for northward or nearly northward IMF, whereas the
potential maximizes for southward IMF. As pointed out, the
method is not terribly accurate, and for some of the IMF di-
rections, the coverage along our Z=±5RE integration lines
is marginal. The seemingly low potential in southern lobe for
southward directed IMF is an artifact of this marginal cover-
age.
4.3.2 IMF magnitude
To study the inﬂuence of the IMF magnitude, we check the
correlation between the magnitude of IMF in the YZ plane;
|BIMF
yz |=
q
B2
z+B2
y and the convection. The IMF x compo-
nent is not included here to, as it is believed to have little or
no inﬂuence on the dayside reconnection rate. The plots in-
dicate a weak positive correlation with Vz, and a persistent
positive (i.e. duskward) convection component in the South-
ern Hemisphere and, for high values of |BIMF
yz |, a dawnward
component in the northern lobe. Due to the low data cover-
age for extreme values of |BIMF
yz |, the corresponding potential
calculation does not make sense here.
The correlation with |BIMF
yz |, also depends on the IMF di-
rection. Due to insufﬁcient statistics, we were not able to
study the dependence for all directions of the IMF, but a sep-
aration into northward (Bz≥0) and southward IMF (Bz≤0)
revealed that the correlation seen in Fig. 5b) is much more
pronounced for the data set with southward IMF.
4.3.3 Solar wind dynamic pressure
The solar wind dynamic pressure, Pdyn=nmiv2
sw, is a func-
tion of solar wind velocity, vsw, and density only (n is the
number density, mi is the proton mass), and is thus intrin-
sically independent of IMF direction. The Vz convection
is highest for low pressure (ﬁrst bin – 0–1nPa). A similar
result was also reported by (F¨ orster et al., 2007a), but we
do not have an explanation for this behavior. There is weak
anti-correlation up to about 4nPa for the southern lobe and
6nPa for the northern lobe. For pressures below 4nPa, the
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Fig. 5. Correlation between convection and solar wind and disturbance parameters. Left panels: Average
convection velocities Vz (bars) and calculated cross tail potential (solid lines, top left panel only). Right pan-
els: Corresponding Vy convection (bars) and data coverage (solid lines). Black (red) color indicates northern
(southern) hemisphere. For the upper panel, the numbers along the horizontal axis show the center of the clock
angle sector, i.e., 0 means the average obtained from the 45
◦ clock angle sector ranging from from -22.5 to
+22.5 degrees. For the other parameters, the numbers indicate the beginning of the range.
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Fig. 5. Correlation between convection and solar wind and disturbance parameters. Left panels: Average convection velocities Vz (bars)
and calculated cross tail potential (solid lines, top left panel only). Right panels: Corresponding Vy convection (bars) and data coverage
(solid lines). Black (red) color indicates Northern (Southern) Hemisphere. For the upper panel, the numbers along the horizontal axis show
the center of the clock angle sector, i.e. 0 means the average obtained from the 45◦ clock angle sector ranging from from −22.5 to +22.5
degrees. For the other parameters, the numbers indicate the beginning of the range.
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Fig. 6. Schematic illustration of the dayside reconnection (left) and corresponding plasma entry and convection
towards the tail plasma sheet (right) for a southward IMF with a strong positive By component. The view is
from the Sun and looking tailward. The geomagnetic ﬁeld (red lines) reconnects to the IMF (blue lines) and are
dragged tailward along the ﬂanks. For this IMF conﬁguration, the plasma entry takes place along the the blue
marked regions in the northern dawn and southern dusk ﬂank regions.
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Fig. 6. Schematic illustration of the dayside reconnection (left) and corresponding plasma entry and convection towards the tail plasma sheet
(right) for a southward IMF with a strong positive By component. The view is from the Sun and looking tailward. The geomagnetic ﬁeld
(red lines) reconnects to the IMF (blue lines) and are dragged tailward along the ﬂanks. For this IMF conﬁguration, the plasma entry takes
place along the the blue marked regions in the northern dawn and southern dusk ﬂank regions.
coverageisexcellent, andthepersistentduskwardconvection
component is apparent in the southern lobe.
Since our dataset does not consist of continuous time se-
ries, we are not able to investigate the direct response to time
variances such as pressure pulses or sudden reductions in the
dynamic pressure.
4.3.4 Dst index
The Dst index is a measure of the horizontal magnetic de-
ﬂection on the Earth at equatorial latitudes. Negative de-
ﬂections are mainly controlled by the Earth’s ring current,
though there is some contribution from the solar wind pres-
sure (e.g. Burton et al., 1975; O’Brien and McPherron, 2000)
and also from tail activity like bursty bulk ﬂows or substorm
activity (e.g. Baumjohann et al., 1996; Baker et al., 2001).
Energization of the ring current is usually very fast, whereas
loss processes such as charge exchange, pitch angle scatter-
ing etc. have much longer time scales (e.g. Cowley, 1977;
Daglis et al., 1999).
Typically, the ring current increases (thus creating a nega-
tive deﬂection of Dst) during periods of increased cross-tail
electric ﬁeld, which is typically caused by enhanced dayside
reconnection. The clear correlation between Vz and Dst ap-
parent from the plot seems to conﬁrm this argument.
5 Summary
Based on more than 5700h of measurements from the Clus-
ter EDI experiment we have investigated the overall convec-
tion in the magnetotail tail lobes. The EDI measurements,
obtained at geocentric distances between 4 and 19RE, are
mapped into a YZGSM plane at X=−10RE downtail, and
sorted according to the direction of the interplanetary mag-
netic ﬁeld.
– The convection velocity and direction depend strongly
on the IMF direction. For purely northward IMF (clock
angles in the range 0±22.5◦), the convection is al-
most stagnant. For southward IMF (clock angle =
180±22.5◦), there is a strong convection towards the
plasma sheet. A southward IMF with a strong By com-
ponent causes a rotation of the plasma entry regions to-
wards the dusk/dawn ﬂanks and a corresponding dawn-
dusk component of the convection in the northern lobe,
and an oppositely directed dawn-dusk component in the
southern lobe.
– The calculated cross-tail potential is comparable to the
ionospheric polar cap potential and shows the same IMF
direction dependence as the polar cap potential drop.
– TheconvectionvelocityiscorrelatedwiththeIMFmag-
nitude, and appears to be weakly anti-correlated to the
solar wind dynamic pressure.
– There is a positive correlation between the Dst index
(which reﬂects ring current enhancements) and the con-
vection velocity. This suggests that a major part of the
ring current enhancement is directly driven by dayside
reconnection.
– There seems to be a persistent duskward component
of the convection with an average velocity of around
1.5kms−1.
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– ExceptfornorthwardIMF,theconvectionpatternsshow
signatures of large scale vortices. These are most likely
manifestations of the ionospheric convection.
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